I. Introduction B reast cancer ranks as the second most common cancer in the world and the most frequent type of cancer among women (25% of all cancers) [1] . The american cancer society estimated 232,340 new cases of invasive breast cancer, as well as an estimated 64,640 additional cases of in situ breast cancer and 39,620 breast cancer deaths among women in the United states in 2013 [2] . Mammography is used as the primary imaging modality for screening breast cancer. 65% to 90% of suspicious lesions identified by mammography are found to be benign after breast biopsy [3] , [4] . Given the high false-positive rate, there is a need for an additional imaging modality to improve the ability to characterize breast lesions and reduce the number of unnecessary biopsies. Breast ultrasound (Us) has been extensively studied with promising results [5] . The ability to easily differentiate between cystic and solid lesions (as compared with mammography) and produce high-resolution images in real-time give Us imaging an edge over other breast imaging modalities [4] , [6] , [7] . Furthermore, Us is non-ionizing, relatively inexpensive, and readily available compared with MrI and cT.
studies have shown that angiogenesis plays an important role in tumor growth and progression [8] [9] [10] . The ability to visualize and quantify tumor vascularity could potentially serve as an important biomarker for characterization of breast lesions. Early studies using doppler imaging techniques (power and color) to provide improved breast lesion characterization produced mixed results, due to low sensitivity to slow blood flow (<1 mm/s) and small vessels (<100 μm) [11] [12] [13] [14] . The ability to visualize this macro-and micro-vasculature has been proven to be possible using microbubble-based Us contrast agents (Ucas) [14] [15] [16] [17] . These Ucas are gas-filled microbubbles (diameter range: 1-8 μm) that are able to traverse the lungs and capillaries. Microbubbles are very different in terms of their density and compressibility relative to the surrounding blood and tissue. This results in large acoustic impedance differences making these microbubbles very efficient scatterers of the Us signal, in turn providing vascular enhancement on the Us image. however, the majority of studies for imaging lesions used doppler imaging in combination with Uca. although this has been able to show an improvement in visualization of vasculature, the overall effectiveness of quantitative comparison between malignant and benign lesions is still not conclusive [7] , [15] . This is in part due to lack of clear delineation between the Uca (vascular flow) and surrounding tissue signals. also, most studies to date have been performed in 2-d. Given that the angiogenic process in malignant lesions tends to be chaotic and tortuous, it is unlikely that the visualization of such vascular networks can be fully appreciated using a single imaging plane. a few studies have looked at the potential of contrast-enhanced 3-d Us. one such study specifically evaluated the 3-d Us score in evaluating breast tumor angiogenesis and its correlation with biological factors [18] . another study evaluated the diagnostic potential of 3-d contrast-enhanced power doppler for imaging breast lesions compared with conventional 2-d and 3-d Us imaging [19] . Both studies showed promising results with regard to the use and advantages of contrast-enhanced 3-d Us.
With sufficient acoustic excitation and correct transmit frequency (f 0 ), Ucas are able to elicit non-linear oscillations, producing a wide range of frequency components from the subharmonic (f 0 /2) to higher harmonics (n•f 0 ). selectively receiving a specific harmonic may allow for improved Uca detection by substantially reducing linear echoes produced by tissue. one such Uca imaging mode that has now been implemented on most commercial Us scanners is the second harmonic or harmonic imaging (hI) mode which suffers from low (up to 7 dB less than shI in vivo [20] ) Uca signal-to-tissue ratio because of second harmonic generation in the surrounding tissue [21] . however, generation of the subharmonic frequency component is Uca specific. Imaging at this frequency (i.e., f 0 /2) therefore allows for improved Uca signal-to-tissue ratios by providing near complete tissue suppression. our group as well as others have validated the feasibility of shI [15] , [21] [22] [23] [24] [25] [26] [27] . Three-dimensional imaging can visualize whole lesion volumes, which in turn may provide a more accurate representation of the vascular morphology required to characterize breast lesions [28] . The purpose of our study was to use contrast-enhanced 3-d hI and 3-d shI to visualize the vascular networks of breast lesions and analyze the homogeneity of said vascularity.
II. Materials and Methods
The Institutional review Boards of Thomas Jefferson University and University of california-san diego approved this study. Patients who were identified with breast lesions using mammography and/or regular grayscale Us and who were subsequently scheduled for a biopsy (or aspiration in case of cyst) as part of their clinical standard of care were approached to participate in the study. Patients were enrolled in the study after providing written informed consent. all Us imaging was performed on a logiq 9 scanner (GE healthcare, Milwaukee, WI) equipped with a 4d10l probe modified to perform 3-d hI and 3-d shI. In vitro and in vivo testing of the scanner modifications were conducted before this study [20] . For 3-d hI, the transmit frequency was set at 5.0 Mhz (2-cycle transmit pulses) and receiving was at 10.0 Mhz (bandpass filtered). similarly, for 3-d shI, transmit and receive frequencies were 5.8 (4-cycle transmit pulses) and 2.9 Mhz (equalization filtered), respectively. Pulse inversion was implemented for both the contrast modes. The Uca used for this study was definity (lantheus Medical Imaging, Billerica, Ma) [29] .The Us transmit and receive parameters for 3-d hI and 3-d shI were optimized for use with definity in previous studies [20] , [30] . Ultrasound scanning at each site was performed by an experienced sonographer.
For each patient, the lesion was localized using standard 2-d grayscale Us and size measurements were recorded. Baseline 2-d grayscale and 2-d power doppler imaging (PdI) cine clips were acquired, manually sweeping across the extent of the lesion. For the contrast studies, definity was administered via a peripheral vein, typically the antecubital vein, through a 20-gauge catheter/needle. contrast agent dosage was selected based on previous imaging experience by our group for each of the contrast modes [15] , [30] . The 3-d hI volume acquisition was started simultaneously with the start of bolus administration of the Uca (0.25 ml followed by 10 ml saline flush) and continued until sufficient washout of Uca was observed (typically around 60 s). after a 30-min wait period, a second bolus injection of Uca (weight based dose of 20 μl/ kg up to a maximum of 1.25 ml) was administered and 3-d shI volumes were acquired. For each patient, before the start of volume acquisition, imaging parameters such as gain (dB), acoustic power (%), depth (cm), focal position, volume angle (deg), and image quality were optimized for visualizing the extent of the lesion with good Uca signal-to-tissue contrast. Imaging parameters were adjusted independently for both 3-d imaging modes to minimize tissue signals, while simultaneously maintaining sufficient acoustic output to get a signal response from the Ucas. Image quality is a preset configurable option on the logiq9 scanner in 4-d imaging mode that directly relates to the number of pixels used for the rendered image. higher quality equals more pixels, but lower volume acquisition rate. The mechanical index at maximum acoustic output was 0.36 and 0.33 for 3-d hI and 3-d shI, respectively. By default the volume angle was set to 19 degrees. at that imaging angle for smaller lesions (less than 1 cm 3 ) volume acquisition rates were around 3 hz. For larger lesions (greater than 3 cm 3 ) the acquisition rate dropped to around 1.5 hz because 3-d volume acquisition rates are directly linked to the size of the lesion/imaging area. In total, two still images of the lesion size measurements (along the sagittal and transverse planes), two cine clips of the 2-d baseline grayscale and PdI sweeps across the lesion and two volume files containing the contrastenhanced 3-d hI and 3-d shI were saved for each patient. These files were transferred from the scanner to a desktop computer for offline analysis.
A. Image Processing and Data Analysis
all image processing was performed in Matlab (2012a, The MathWorks Inc., natick, Ma, Usa). Initially, a radiologist and Us physicist (in consensus) analyzed the contrast-enhanced 3-d hI and 3-d shI volumes (all planes included) to identify lesions with Uca flow using 4d View (GE Medical systems, Zipf, austria). The 4d View software allows visualization of the 3-d hI and 3-d shI data offline. For each case it is possible to view the coronal, sagittal, and transverse planes as well as the overall 3-d rendered volume. This data are stored as a cine loop. It is also possible to analyze these data through the slices of the volume and identify planes with Uca flow (if present). If any single plane showed Uca activity, a roI was selected corresponding to the visualized vascularity in 4d View. If none of the planes in the volume showed flow, then no roI was designed. Both, the 3-d rendered image as well the individual slice information was used to identify Uca flow. This roI was projected across the entire lesion volume. The roI was then mapped on to the raw volumetric 3-d slice data extracted in Matlab. Time intensity curves (TIcs) were generated for all slices within the roI of the imaged volume (not just a single plane). These TIcs were used to build a map of Uca flow (over the entire image acquisition time) within the lesion volume. our group has previously investigated the advantages and importance of 4d imaging over a single plane [30] . To standardize the TIc maps, all volumes were terminated after the 60-s time point.
The TIc map was used to develop an averaged volumetric background template based on the first 3 volumes (range; 1-3 s) of data. The volumetric background template was subtracted from the entire volume sequence to reduce any residual background tissue signals. during acquisition of volume data, the patient was asked to breathe normally; this in turn induced some motion artifacts. Basic smoothing was performed using a moving average filter (span of 5 time points) to reduce any breathing artifacts. other filter lengths (2-10 time points) were tested, but a 5-point filter was long enough to smooth the small breathing artifacts without compromising the behavior of the Uca flow signal. The background filtered TIc map was then used to identify key time points corresponding to Uca flow kinetics; specifically, baseline (T B : time point corresponding to 10% of peak Uca intensity), peak Uca intensity (T P : time point of peak Uca intensity), and washout (T W : time point of return to baseline Uca intensity). To analyze the vascular presence throughout the lesion volume, the normalized change in mean Uca intensity within the roI (polyline) from T B to T P for each TIc in the volume was measured as a distribution across the entire volume. subsequently, the lesion volume was split into peripheral (defined as the outer third of the entire tumor area including 2 mm around the lesion boundary) and central sections to facilitate assessment of vascular heterogeneity. Because the lesion was not always centered in the volume, separation was performed manually. during 
B. Statistical Analysis
To identify any basic difference in the vascular characteristics between malignant and benign lesions, the average Uca intensity (single value) at T P of all slices in the volume was evaluated and compared between malignant and benign cases using an unpaired t-test. differences in the mean age of the patients between malignant and benign cases were also analyzed using a t-test. To evaluate the vascular heterogeneity across the lesion, the mean change in Uca intensity from baseline to peak for the peripheral and central sections was compared using an unpaired t-test. This was done for both malignant and benign lesions. all statistical analyses were performed using sPss 20 (IBM corporation, armonk, ny) with p-values below 0.05 treated as statistically significant.
III. results
a total of 138 patients were included in the study, and image data were available for 134 subjects because there was a technical problem saving the data in 4 cases (which were dropped from further analysis). The overall mean age of the women who participated in this study was 52 ± 13.3 years. Biopsy of lesions found 99 benign and 35 malignant cases. There was a significant difference between the mean ages of the malignant and benign cases 58 ± 11.5 vs. 50 ± 13.3 years, respectively (p < 0.001). In terms of specific lesion types, invasive ductal carcinomas (23/35) made up the majority of the malignant cases, whereas fibroadenoma (30/99) was the most prevalent classification of the benign lesions; Table I .
Vascularity was observed in 84 cases (63 benign and 21 malignant) with PdI, whereas Uca flow was observed in 8 lesions (5 benign and 3 malignant) for 3-d hI and 68 lesions (49 benign and 19 malignant) with 3-d shI. Vascular activity was better appreciated in 3-d shI than in 3-d hI (based on qualitative assessment made by an Us physicist and radiologist in consensus), due to the suppression of surrounding tissue signals (Fig. 1) . Given the low number of cases identified with Uca flow in 3-d hI mode, no further image processing and analysis was performed on this group. Table I shows the breakdown of malignant and benign lesions in terms of cases identified with Uca flow using 3-d shI as well as vascularity visualized in PdI mode.
The ability to view and manipulate a 3-d volume with 6 degrees of freedom was beneficial in identifying lesions with Uca flow. In certain cases Uca flow was not observed in the central (default) imaging plane, but after individually assessing the surrounding planes and/or being able to rotate the 3-d volume, Uca flow was apparent. This brings to light the heterogeneous nature of vascular growth within breast lesions as well as the importance of imaging lesions in 3-d space. Volumetric TIc maps based on the Uca flow were constructed after selection of an roI corresponding to the vascular activity. Fig. 2(a) shows a TIc volume generated from an invasive ductal carcinoma. The wash-in and wash-out of the Uca are clearly visible. Breathing motion artifacts were suppressed to a large extent by the smoothing filter as seen in Fig.  2(b) . The amount of inherent tissue suppression in 3-d shI varied on a case-by-case basis and was dependent on the lesion depth, breast density (reported as part of the patient's clinical mammography examination), and heterogeneity. In some cases, there was near complete tissue suppression, whereas in others surrounding tissue signals were visibly higher. Background filtering was employed, using a volumetric background template to markedly reduce the residual surrounding tissue signal [ Fig. 2(b) ]. Fig.  2(c) shows suppression of tissue signals on volumetric slice data. overall, the mean change in Uca intensity across the entire lesion volume between benign and malignant lesion groups was not significantly different (1.32 ± 0.89 vs. 1.38 ± 1.23 dB, p = 0.73).
Instead, vascular heterogeneity plots were developed (based on the relative change of Uca intensity from T B to T P for each slice within the lesion volume) to better quantify the variation in vascular activity. Fig. 3(a) depicts the vascular heterogeneity plot of a benign case (a fibroadenoma) across the peripheral and central sections. The presence of vascularity in the central sections is increased compared with the peripheral sections. The vascular heterogeneity of an invasive ductal carcinoma is shown in Fig. 3(b) . In this case, vascular activity is seen across the entire lesion volume. although a slight increase in vascular activity is seen in a few of the central slices compared with the general peripheral regions, this difference is not 
IV. discussion
In this ongoing study, the ability to quantify vascular heterogeneity in breast lesions using contrast-enhanced 3-d hI and 3-d shI was evaluated in 134 subjects. Both 3-d hI and 3-d shI modes were able to successfully image and acquire volumetric data. however, 3-d shI volumes proved to be more sensitive to visualizing Uca flow in the lesions showing Uca activity in 68 lesions compared with 8 in 3-d hI. The numbers for 3-d shI compared reasonably with lesions exhibiting signs of vascular activity on PdI (n = 84). Based on in vitro and in vivo testing of our setup [20] , we found that at equivalent acoustic output levels, hI resulted in similar received signal levels from the Uca to shI. however, in vitro we also found hI showed a dramatic decrease in signal intensity with depth due to increased scattering and attenuation at higher frequencies compared with shI, which showed increased penetration. When translated into clinical studies, the increased numbers of scattering components possibly induced a higher level of signal attenuation and therefore weaker response from the Uca. development of TIc volumes was based on the identification and selection of an roI corresponding to Uca flow using 4d View. subsequently, quantitative analysis of vascular heterogeneity in benign cases showed a uniform distribution of vascularity in the central sections of the lesion, possibly from a large central vessel, and minimal activity in the peripheral regions (p < 0.001). however, for malignant lesions a wider distribution of vascular activity both in central and peripheral regions was observed, resulting in no significant differences (p = 0.24). Early work involving angiography of breast carcinomas demonstrated chaotic vascular patterns including abnormal feeding vessels [31] , [32] . In a separate study of endothelial cell proliferation (an essential precursor to angiogenesis) in breast lesions, Fox et al. showed a predominant presence at the periphery for tumors [33] . Work done by Weidner et al. [34] involving the microvessel density in invasive breast cancer concluded that the tumors were frequently heterogeneous in their mi- crovessel density and that the areas of high neovascularization could occur anywhere in the tumor. recently, chen et al. showed significant difference in peripheral vessel characteristics between benign and malignant breast lesions using 3-d cEUs [35] . a recurring theme in all these studies is the extremely heterogeneous nature of the vasculature in malignant breast lesions. although we have been able to successfully quantify the vascular heterogeneity in benign and malignant lesions using contrast-enhanced 3-d shI, the clinical relevance of this result is yet to be determined. although optimization based on individual patients will make cross comparison harder, it is more important to achieve the best possible data set in terms of diagnostic value for each patient. The end goal of this clinical study is to be able to provide additional information as an adjunct to mammography to deliver a better diagnostic assessment reflecting the clinical reality.
although image variability is bound to arise due to biological differences in each subject 3-d imaging allows for acquisition of entire lesion volume, which should minimize the variations that might have occurred if imaged in a single plane only. In terms of image acquisition, some motion artifacts are introduced from the Us transducer being handheld and patient breathing. no direct motion compensation has been implemented for this data set. The raw volume slicedata are saved at a low resolution (usually around 40 × 50 pixels per slice) to allow system memory for real-time 3-d rendering of images. The 3-d volume acquisition rate is linked directly to the size of the imaging area. For larger lesions, a low volume acquisition rate (1.6 to 1.7 hz) prevents ideal acquisition parameters for imaging Uca flow. Finally, although biopsy was performed on all lesions to determine malignancy, vascular heterogeneity was not measured on pathology and thus no vascularity reference standard was available.
V. conclusion
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